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1
DELTA DOPING LAYER IN MOSFET
SOURCE/DRAIN REGION

TECHNICAL FIELD

This relates to transistor architecture and fabrication, and
more particularly to epitaxially grown terminals of transis-
tors.

BACKGROUND

In-situ high n-type I1I-V doping (>1x10*°/cm?) growth is
difficult to achieve by using metalorganic chemical vapor
deposition (MOCVD). Lower n-type I1I-V source/drain ter-
minals suffer higher contact resistance and lower device per-
formance.

SUMMARY

A transistor includes a gate terminal, a source terminal and
a drain terminal. At least one of the source and drain terminals
has a layered configuration that includes a terminal layer and
an intervening layer. The terminal layer has a top surface and
a bottom surface. The intervening layer is within the terminal
layer, is located between and spaced from the top and bottom
surfaces, is oriented to be perpendicular to current flow, and is
less than one tenth the thickness of the terminal layer. The
terminal layer and the intervening layer include a common
semiconductive compound and a common dopant, with a
concentration of the dopant in the intervening layer being
over ten times an average concentration of the dopant in the
terminal layer.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a diagram of a first MOSFET, including a source
and drain that have no intervening layer.

FIG. 2 is a diagram of a second MOSFET, including a
source and drain that have one intervening layer.

FIG. 3 is a diagram of a third MOSFFET, including a source
and drain that have two intervening layers.

FIG. 4 is a band diagram, showing conduction and valence
band edges (Ec and Ev) of the first, second and third MOS-
FETs.

DETAILED DESCRIPTION

The apparatus shown in the figures has parts that are
examples of the elements recited in the claims. The apparatus
includes examples of how a person of ordinary skill in the art
can make and use the claimed invention. They are described
here to provide enablement and best mode without imposing
limitations that are not recited in the claims.

FIG. 1 is a schematic diagram of a first example semicon-
ductor device 1, which in this case is a first field-effect tran-
sistor (FET), and more specifically a metal-oxide-semicon-
ductor FET (MOSFET). This first MOSFET includes
successive layers—a substrate 12, a buffer 13, a back barrier
14, and a channel 15—each successive layer grown epitaxi-
ally over, and overlying, the previous layer. In this example,
the buffer 13 is a semi-insulator. The back barrier 14 is a
semi-insulator comprising InAlAs (indium aluminum ars-
enide) chemical compound. The channel 15 is of semicon-
ductive material comprising InGaAs (indium gallium ars-
enide) chemical compound, doped with silicon at a dopant
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2

concentration of 2x10"%/cm?. Three terminals—a gate 20, a
source 21 and a drain 22—are grown epitaxially over the
substrate.

The source and the drain terminals 21, 22 each comprise a
terminal layer 30 of semiconductive material that is common
to (i.e., the same for) both terminals. The semiconductive
material can be a III-V chemical compound, and in this
example InGaAs. The InGaAs is doped with a dopant that is
common to (i.e., the same for) both terminals. In this
example, the dopant is an n-type dopant (as indicated by “N+”
in FIG. 1), such as silicon. The concentration of the silicon
dopant is uniform throughout the terminal layer 30, at 5x10°/
cm’. The source and drain 21, 22 each have a top surface at
their top end 31 and a bottom surface at their bottom end 32.
Electric current can flow from one of the ends 31, 32 to the
other. The terminal layer 30 in this example has a thickness
(from top surface 31 to bottom surface 32) of 45 nm.

FIG. 2 is a diagram of a second example MOSFET 2, with
an architecture similar to that of the first MOSFET 1 (FIG. 1).
Components in FIG. 2 are labeled with the same reference
numerals as corresponding components of FIG. 1.

The second MOSFET 2 has the same source and drain
terminal layers 30 as the first MOSFET 1. The second MOS-
FET 2 differs from the first MOSFET 1 in that each terminal
layer 30 is interrupted by an intervening layer 40. The inter-
vening layer 40 is within the terminal layer 30 and is located
between and spaced apart from the terminal layer’s top and
bottom surfaces 31, 32. The intervening layer 40 is parallel
with the top and bottom surfaces 31, 32, and is oriented to be
perpendicular to current flow.

Each intervening layer 40 can be less than one tenth the
thickness of the terminal layer 30 and less than six atomic
layers thick. It is, in this example, a delta doping layer of one
atomic layer thick.

The intervening layer 40 separates the terminal layer 30
into an upper layer section 45U and a lower layer section 45L..
The intervening layer 40 overlies the lower layer section 451
and underlies the upper layer section 45U. The intervening
layer 40 is grown epitaxially over the lower layer 451, and the
upper layer section 45U is grown epitaxially over the inter-
vening layer 40.

The intervening layer 40 comprises the same semiconduc-
tive compound—InGaAs—as the terminal layer 30, and is
doped with the same dopant—silicon—as the terminal layer
30. However, the intervening layer 40 has a silicon dopant
concentration that is higher than, and can be over ten times the
level of, the average silicon dopant concentration of either of
the terminal layer 30, the upper layer section 45U and the
lower layer section 45L.. In this example, the dopant concen-
tration of the intervening layer 40 is 1x10"/cm?.

In this example, the intervening layer 40 is 30 nm from the
bottom surface 32 and 15 nm from the top surface 31, such
that the lower layer section 45L is twice the thickness of the
upper layer section 45U.

The dopant concentration in the thin intervening layer 40 is
more than ten times the dopant concentration of the much
thicker terminal layer 30. This provides a reduction in contact
resistance relative to the first MOSFET 1 (FIG. 1), which has
the same terminal layer dopant concentration but no interven-
ing layer. To achieve the same reduction in contact reduction
as achieved by the intervening layer 40 in the second MOS-
FET 2, the dopant concentration of the first MOSFET’s ter-
minal layer 30 would have to be increased by an incremental
amount. That incremental increase in the bulk concentration
of'the first MOSFET’s terminal layer 30 would be lower than
the localized concentration increase in the intervening layer
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40, but would be more difficult to achieve in the fabricating
process than introducing the thin intervening layer 40.

FIG. 3 is a diagram of a third example MOSFET 3, with an
architecture similar to that of the second MOSFET (FIG. 2).
Components in FIG. 3 are labeled with the same reference
numerals as corresponding components of FIG. 2.

The third MOSFET 3 differs from the second MOSFET 2
in that its terminal layers 30 are interrupted by a plurality of
intervening layers (instead of by a single intervening layer),
in this case upper and lower intervening layers 401, 40U.
Each of these intervening layers 40L, 40U is within the ter-
minal layer 30 so as to interrupt the terminal layer 30, is
parallel with the terminal layer’s top and bottom surfaces 31,
32, and is oriented to be perpendicular to current flow.

The intervening layers 401, 40U separate the terminal
layer 30 into multiple sections—in this case an upper layer
section 45U, a lower layer section 451 and a middle layer
section 45M. Each successive layer component—the lower
terminal layer section 451, the lower intervening layer 40L,
the middle terminal layer section 45M, the upper intervening
layer 40U, and the upper terminal layer section 45U—is
grown epitaxially over the previous layer component and
overlies the previous layer component.

Each intervening layer 401, 40U comprises the same semi-
conductive compound—InGaAs—as the terminal layer 30,
and is doped with the same dopant—silicon—as the terminal
layer 30. However, each intervening layer 401, 40U has a
silicon dopant concentration that is higher than, and can be
over ten times the level of, the average silicon dopant con-
centration of either of the terminal layer 30, the upper layer
section 45U and the lower layer section 45L.. In this example,
intervening layers 40L, 40U share the same dopant concen-
tration, which in this case is 1x10*3/cm?.

In this example, the terminal layer’s lower section 45L is
30 nm thick, and the middle and upper terminal layer sections
are each 7.5 nm thick. Accordingly, the upper intervening
layer 40U is centered between the top surface 31 and the
lower intervening layer 40L..

In other examples, there can be more than two intervening
layers 40, which would split the terminal layer into more than
three sections 45. The intervening layers 40 can be evenly
spaced apart. The terminal layer sections 45 can be of equal
thickness.

Each successively added intervening layer can have a suc-
cessively higher dopant concentration than the intervening
layer below it. Alternatively, each successively added inter-
vening layer can have a successively lower dopant concen-
tration than the intervening layer below it.

FIG. 4 is a band diagram, graphing eV versus nm. The
conduction and valence band edges (Ec and Ev) of the first,
second and third example MOSFETs 1, 2, 3, are respectively
labeled as curves 51,52 and 53 in the diagram. Vertical line 60
corresponds to the source/drain terminal layer’s top surface
31. Vertical line 61 corresponds to the position of the upper
intervening layer 40U (FIG. 3). Vertical line 62 corresponds
to the intervening layers 40 (FIG. 2) and 40L (FIG. 3). Vertical
line 63 corresponds to the position of the terminal layer’s
bottom surface 32.

This band diagram (FIG. 4) shows that each additional
intervening layer 40 successively lowers the band gap, thus
reducing terminal resistance. The lowering of band gap is a
positive function of the number of intervening layers 40.

The band diagram further shows that the location (in terms
of nm from the top surface 31) of the lowest point of the band
edges (Ec and Ev), within the source/drain and channel
regions, is shifted to the left on the graph by a distance that is
a positive function of the number of intervening layers. Spe-

10

15

20

25

30

35

40

45

50

55

60

65

4

cifically, the lowest point for the first MOSFET 1, which has
no intervening layer, is at the base (bottom surface) of the
channel layer 15, at about 145 nm. The lowest point of the
band for the second MOSFET 2, which has one intervening
layer 40, is near the bottom of the terminal layer 30 at about
40 nm. The lowest point for the third MOSFET 3, which has
two intervening layers 40U, 401, is about two thirds of the
way up the terminal layer 30, at about 15 nm. Accordingly, the
addition of intervening layers as described above is not only
a way of lowering the band, but also a way of shifting the
location of the band’s lowest point toward the top surface 31.
Each successively added intervening layer shifts the lowest
point of the band toward the terminal layer’s top surface (at0
nm), which may successively increase current carriers and
correspondingly lower electrical resistance.

The intervening-layer configuration described above for
silicon doping inside the source/drain region may modulate
band structure and barrier profile. This configuration may
also enlarge the electron tunnel probability, with contact
resistance being further reduced under optimized band struc-
ture design. This configuration may result in more cost effec-
tive in-situ doping, and less dopant chemical needed with no
extra process required. This configuration may be easily inte-
grated with a potential device performance enhancement.

Inthe above examples, the dopant concentration is uniform
throughout the entire terminal layer 30. Accordingly, each
terminal layer section 45U, 45M, 451 (FIG. 3) has a uniform
dopant concentration, and the average dopant concentration
is the same for all terminal layer sections.

In alternative examples, the dopant concentration can be
spatially varied. For example, the dopant concentration can
have a spatial gradient, increasing smoothly from the terminal
layer’s bottom surface 32 to the terminal layer’s top surface
31 or vice versa. The dopant concentration would be
smoothly graduated from one end to the other, interrupted by
the sharp concentration spike(s) of the intervening layer(s)
40, 40U, 40L. The gradient (change in concentration per
distance) can be uniform over the thickness of the terminal
layer 30.

In another example, the dopant concentration can be uni-
form within each terminal layer section 45U, 45M, 45L but
differ from one terminal layer section to the next. In that case,
the terminal layer 30 has one uniform dopant concentration
above each intervening layer 40, 40L, 40U and a different
uniform dopant concentration below the respective interven-
ing layer 40, 401, 40U. In such examples, the average dopant
concentrations of the layer sections 45 will differ from each
other.

The dopant concentration of each intervening layer 40 can
be over ten times the average dopant concentration of the two
neighboring layer sections that adjoin the respective interven-
ing layer 40, or over ten times the average dopant concentra-
tion of each of the layer sections 45U, 45M, 45L of the entire
terminal layer 30.

In the above examples, both the source 21 and drain 22
have the same configuration. In other examples, the source
and drain can have different configurations, such as differing
in terms of the number of intervening layers 40 (e.g., one
terminal having two intervening layer and the other terminal
having one, or one terminal having at least one intervening
layer 40 and the other terminal having none), thickness and
spacing of the intervening layers 40, the semiconductive com-
pound used, and/or the dopant used.

The invention claimed is:

1. A transistor comprising:

a gate terminal;

a source terminal; and
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a drain terminal;
wherein at least one of the source and drain terminals has a
layered configuration including
a terminal layer having a top surface and a bottom sur-
face, and
an intervening layer that is located within the terminal
layer, between and spaced from the top and bottom
surfaces, and that is oriented to be substantially per-
pendicular to current flow, and that is less than one
tenth the thickness of the terminal layer; and
wherein the terminal layer and the intervening layer
include a common semiconductive compound and a
common dopant, with a concentration of the dopant in
the intervening layer being over ten times an average
concentration of the dopant in the terminal layer, and
wherein the intervening layer is spaced at least twice as far
from the bottom surface as from the top surface.
2. The transistor of claim 1 wherein the semiconductive
compound is a III-V compound.
3. The transistor of claim 2 wherein the III-V compound is
InGaAs.
4. The transistor of claim 1 wherein the dopant is an n-type
dopant.
5. The transistor of claim 4 wherein the dopant is silicon.
6. The transistor of claim 1, wherein the terminal layer has
a substantially uniform dopant concentration distribution.
7. The transistor of claim 1 wherein the terminal layer has
a first uniform dopant concentration above the intervening
layer and a second uniform dopant concentration below the
intervening layer.
8. The transistor of claim 1 wherein the terminal layer has
a dopant concentration that increases smoothly from one end
surface of the terminal layer to an opposite end surface of the
terminal layer.
9. The transistor of claim 1, wherein the intervening layer
is less than six atomic layers thick.
10. The transistor of claim 1 wherein both the source ter-
minal and the drain terminal have the layered configuration.
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11. The transistor of claim 1 wherein the source terminal
and the drain terminal have substantially the same configu-
ration.

12. The transistor of claim 1 wherein the intervening layer
is a first intervening layer, and the transistor further includes
atleast one additional intervening layer, each additional inter-
vening layer being within the terminal layer, being located
between and spaced from the top surface and the first inter-
vening layer, being oriented to be perpendicular to current
flow, being less than one tenth the thickness of the terminal
layer, and comprising the common semiconductive com-
pound and the common dopant, with a dopant concentration
of at least ten times the average dopant concentration of the
terminal layer.

13. The transistor of claim 12 wherein the first intervening
layer has a dopant concentration different from that of the
additional intervening layer.

14. The transistor of claim 12 wherein the first intervening
layer has a thickness different from that of the additional
intervening layer.

15. The transistor of claim 1 wherein the terminal layer and
the intervening layer are grown epitaxially.

16. The transistor of claim 1 wherein the common semi-
conductive compound is InGaAs, the dopant is silicon, the
terminal has a uniform silicon dopant concentration of about
5x10*/cm?, and the intervening layer is one atomic layer
thick with a silicon dopant concentration of about 1x10"3/
cm?.

17. The transistor of claim 9 wherein the intervening layer
is one atomic layer thick.

18. The transistor of claim of 12, wherein the first inter-
vening layer is located twice as far from the bottom surface as
from the top surface, and the additional intervening layer is
centered between the top surface and the first intervening
layer.



